While the marine ecosystem health is damaged by economic activities, pollution and reclamation projects, the assessment of marine ecosystem health is strongly required to facilitate its maintenance, improvement and management. In this study, the health of the Tianjin marine ecosystem was quantitatively assessed using the ocean health index in which ten public goals are considered. The results indicated that the ocean health index for the Tianjin marine ecosystem is 66, which is higher than the global ocean health index of 60. This indicated that the overall health of the Tianjin marine ecosystem is barely good and the suitable environmental management and measures should be implemented carefully and effectively in the future.
INTRODUCTION
Tianjin is the largest coastal city in the north of China and the economic center in the Bohai region (Bai, Tang 2010) . The marine ecosystem is very important to the economic development of Tianjin because it has rich marine resources including intertidal zone resources, port resources, marine oil and gas resources, coastal tourism resources, fishery resources, seawater resources, etc. The Gross Ocean Product of Tianjin reaches 215.81 × 10 9 RMB in 2009 according to 2010 China Marine Statistical Year Book.
The marine ecosystem health is a necessary condition for the development of economy. However, the economic activities, pollution, eutrophication and reclamation projects damaged the health of the marine ecosystem in Tianjin. A total of 88.52% of the Tianjin coastal zone has been covered by the economic activities, such as farms, oil extraction, salt field and a port (Cao, Wang 2007) . The coastal landscapes were changed into revetments and blocks in Tianjin (Zhai, Suzuki 2008) . Already in 2002 Already in -2007 , the pollution of the coastal water was high and it tends to increase (Tian et al. 2011) . The viral contamination in seawater is severe and the concentration of enteroviruses ranges from 1.7 × 10 6 to 6.3 × 10 7 copies per liter (Zhang et al. 2010) . As a whole, the eutrophication was gradually deteriorating in 2003 -2005 . The dominant pollutants, such as inorganic nitrogen and reactive phosphate, have strong negative effects on the seawater quality (Peng et al. 2009 ). The reclamation projects change not only the living environment of marine organisms, but also the community structure in the Tianjin Harbor Industrial Zone (Li et al. 2010) . Therefore, the assessment of the marine ecosystem health of Tianjin is very important for the maintenance, improvement and the management of the marine ecosystem.
Several methods have been used to assess the health of the marine ecosystem. A conceptual framework was presented to assess the marine ecosystem health of the Bay of Fundy (Wells 2003) . Procedures for assessing the marine coastal ecosystem health were presented and applied to Tolo Harbour, Hong Kong, China (Xu et al. 2004 ). Three conceptual models, which include the catchment drivers of environmental effects, were used to assess the ecosystem health of the Great Barrier Reef (Australia) (Haynes et al. 2007 ). Five integrative biomarker indices were applied to assess the marine ecosystem health of Galicia and Biscay Bay (Marigómez et al. 2013 ). All the above methods are qualitative or semi-quantitative and focus solely on the negative human impact on the ocean. However, there are some human activities, which can have positive impact on the ocean health, such as the closed fishing, the construction of marine protected area and the implementation of the marine environmental protection law.
The ocean health index was proposed in 2012 by Halpern et al. (2012) for quantitative assessment of the marine ecosystem health. It also focuses on the positive human impact on the ocean. In addition, the human uses of the oceans are considered (Anonymous 2012) and the marine ecosystem is regarded as a human-nature coupled system (Halpern et al. 2012) . The ocean health index represents the health of coupled human-natural systems and it can be implemented at any scales (Halpern et al. 2012) .
The ecosystem health assessment has been studied by some methods in Tianjin. The membership degree and the gray comprehensive evaluation index were used to assess the coastal zone ecosystem health of Tianjin from three aspects of the intertidal zone, water environment and socioeconomics (Qin 2006) . Unfortunately, the above two evaluations are semi-quantitative. The estuary and gulf ecosystem health evaluation model was employed to evaluate the coastal marine ecosystem health of Tianjin from five aspects: water environment, depositional environment, biological residues, habitat and biology . Nevertheless, the evaluation is semi-quantitative. Furthermore, the importance of man is ignored; however, it can have strong effects on the health of the marine ecosystem (Rombouts et al. 2013) .
The ocean health index is a systematic and quantitative approach to measuring the overall condition of marine ecosystems, which treats nature and people as integrated parts (Halpern et al. 2012) . Therefore, the method of the ocean health index was applied to assess quantitatively the marine ecosystem health of Tianjin, and hence grasp its health status to facilitate the maintenance, improvement and management of the marine ecosystem.
MATERIALS AND METHODS

Study area
Tianjin (38°34' -40°15' N; 116°43' -118°194' E) is located in the Haihe basin, i.e. in a temperate zone with a semi-humid monsoon climate. The annual average temperature of Tianjin is 10-13°C and the average annual precipitation varies from 560 mm to 720 mm. The rainfall varies geographically, seasonally and yearly, and 85% of the rainfall occurs between June and September (Song et al. 2011) . The sea area of Tianjin is about 3000 km 2 .
Method
The ocean health index was measured as a function of ten public goals. The ten public goals are food provision, artisanal fishing opportunities, natural products, carbon storage, coastal protection, coastal livelihoods & economies, tourism & recreation, sense of place, clean waters and biodiversity. The ocean health index was defined by Halpern et al. (2012) :
is a relevant weight for goal (∑ = 1) and the weights ( ) are assumed to be equal. is the sum of the maximum possible values for each goal indicator:
is the maximum possible status given realistic constraints. is the score of goal and a function of its present status and its likely near-term future status , :
is its present value ( ) relative to a reference point ( , selected for each goal individually) and rescaled in the range of 0-100, so that:
, is defined as:
where, is a discount rate and set to be 0 initially, is a relative importance of the trend versus resilience and pressure terms in the determination of the likely trajectory of the future goal status ( = 0.67), is a recent trend constrained to −1 ≤ ≤ 1, is social and ecological resilience to negative pressure and scaled as 0 ≤ ≤ 1 , is a current cumulative pressure on the goal and scaled as 0 ≤ ≤ 1.
The ocean health index was found in supplementary information provided by Halpern et al. (2012) ; was assumed to be 1. The determination of remaining variables was described in the following section and the related data were selected based on the supplementary information provided by Halpern et al. (2012) .
Data sources
Food provision
The goal measures the amount of seafood sustainably harvested in a given region through any means, primary in human consumption. It includes fisheries and mariculture sub-goals.
The Status of the fisheries sub-goal involves the absolute difference (δBT) between the regional total terrestrial biomass and the reference multi-species maximum sustainable yield (mMSYR), the mMSY and the taxonomic reporting quality correction factor (TC). The related data of Tianjin marine fisheries from 2010 were adopted. mMSYR = 0.75 mMSY and mMSY was a sum of the maximum annual yield in 2001-2010 for each marine species (Tables 1-2). The Trend was calculated as a slope of the Status scores over the past five years (2005) (2006) (2007) (2008) (2009) (2010) . The Pressures include ecological and social pressures. The average of six components of the Worldwide Governance Table 1 The list references for variables Indicators (WGI) was involved in social pressures, and WGI of China in 2011 was adopted (Tables 1  and 3 ). The value of social pressures is 1-WGI. The Resilience involves regulations, ecological integrity and social integrity. The fished marine species (Tables 1-2) are involved in ecological integrity and classified as the least concerned species because they are fishery resources in Tianjin. WGI is involved in the social integrity. The Status of the mariculture sub-goal involves the current sustainably-harvested yield, which is a function of the annual yield of each mariculture species. The annual yield and the sustainability score of fish and crustaceans in Tianjin in 2010 are 2952 t, 3.5, 11260 t and 3.67, respectively. The area of coastal waters was 3000 km 2 . The Trend was calculated as a slope of the mariculture yield in the past five years (2005) (2006) (2007) (2008) (2009) (2010) (Table 1, Fig. 1 ). The Trend is set to be 1 when it is higher than 1 and 0 when the Status is 100 (Halpern et al. 2012 ). The variables of Pressures are the same as those of the fisheries sub-goal. The Resilience involves the regulations and social integrity whose variables are the same as those of the fisheries sub-goal.
Artisanal fishing opportunities
This goal focuses on the opportunity to conduct this kind of fishing rather than the actual amount of catch or household revenue obtained. Its Status involves the per capita gross domestic product (pcGDP) adjusted by purchasing power parity (PPP) of Tianjin. The pcGDP of Tianjin in 2011 was adopted. The Trend was calculated as a slope of pcGDP for the previous five years (2006) (2007) (2008) (2009) (2010) (2011) (Table 1, Fig. 2 ). The Trend is set to 1 when it is higher than 1 and 0 when the Status is 100 (Halpern et al. 2012) . The variables of Pressures and Resilience are the same as those of the fisheries sub-goal. 
Natural products
Six different natural products are identified for this goal. They are coral, ornamental fish, shells, fish oil, seaweed and plants, and sponges (Halpern et al. 2012 ). There were no records of coral, seaweed and plants, and sponges in Tianjin according to the Fisheries Statistical Yearbook of China in 2002-2011. Additionally, the records of ornamental fish and fish oil were not found in Tianjin. Therefore, the weights for the above natural products are 0 and only shells are involved in the natural product for this goal. Its Status is involved in the current annual yield (2010) and the maximum annual yield of shells in Tianjin.
The maximum annual yield of shells fished in Tianjin in 2003-2010 was adopted (Table 1, Fig. 3) . The Trend was calculated as a slope of the Status for the previous five years (2005) (2006) (2007) (2008) (2009) (2010) . The variables of Pressures and Resilience are the same as those of the fisheries sub-goal.
Carbon storage
The coastal habitats, such as mangroves, seagrass and salt marshes, providing the meaningful amounts of carbon storage are the focus of our interest. There are no mangroves and seagrass beds in Tianjin so the salt marshes become the only type of habitats to store carbon. The Status of this goal involves the current area and reference area of habitat. The area of salt marshes in Tianjin in 2007 was adopted (Liu et al. 2012 
Coastal protection
This goal consists in the assessment of the protection extent in the coastal areas. For this goal, the value of each variable is the same as that of the carbon storage goal because the evaluation object and the calculation method of the goal-specific index are the same as for the carbon storage goal.
Coastal livelihoods and economies
The aim of this goal is to maintain the coastal and ocean-dependent livelihoods and productive coastal economies, and at the same time to maximize the life quality. This goal includes the sub-goals of livelihoods and economies. Tourism, marine fishery, and ship & boat building sectors were considered. Table 1) .
The Status of the economies sub-goal involves the total revenue in each sector (Tables 1 and 4 ). The Trend is presented by average slopes of the total revenue in each sector. The ecological pressures are the same as the livelihoods sub-goal. The variables of social pressures and Resilience involve WGI and GCI.
Tourism and recreation
This goal is a measure of how much people value the ocean systems. Its Status involves the number of tourism (the total number of tourists multiplied by visiting days), the total population size and the sustainability factor for each year (Tables 1 and 5 ). The sustainability factor is equated with the Travel and Tourism Competitiveness Index (TTCI). The data on the Tianjin tourism in 2010 was adopted. Because TTCI for China in 2010 was not found, it was approximated by the average TTCI for China in 2009 and 2011 (Table 5) 
Sense of place
This goal reflects the aspects of the coastal and marine system valued as part of the human cultural identity. It includes sub-goals of the iconic species and lasting special places.
The Status of the iconic species sub-goal involves the iconic species. The iconic species were identified as the fished marine species and mariculture species in Tianjin and they are classified as the least concerned species because of their large amount in catches. The Trend is the average trend for all iconic species. It produces the scores of 0.5 (increasing population), 0.0 (stable), and -0.5 (declining population) for each species. The variables of Pressures and Resilience are the same as those of the fisheries sub-goal.
The Status of the lasting special places sub-goal involves the situation of the shoreline and coastal marine protection. The situation of the coastal marine protection was considered due to the lack of data related to the situation of the shoreline protection. The areas of the Ancient Coast Wetland National Nature Reserve and the Dashentang oyster reefs national special marine protected area were included as the protected marine area of Tianjin. The protected marine area of Tianjin is 975.9 km 2 , 359.1 km 2 and 393.1 km 2 for 1992, 2009 and 2012, respectively. The Trend was the Status' slope in 1992-2012. The variables of Pressures and Resilience are the same as for the mariculture sub-goal.
Clean waters
The Status of the clean water goal involves the inputs of the main pollutants in the Tianjin coastal marine ecosystem, such as inorganic nitrogen, phosphate, organics (measured by COD) and petroleum. The inputs of inorganic nitrogen, phosphate, organics and petroleum in Tianjin in 2010 were adopted (Tables 1 and 6 
Biodiversity
This goal is to assess the conservation status of species and it includes species and habitats sub-goals. The Status of the species sub-goal involves the annual yield of fished marine species and mariculture Table 5 The number of tourism and the total population of Tianjin and TTCI of China Table 6 The content and input of major pollutants in the Tianjin coastal marine ecosystem species in Tianjin (Table 1) . The bio-density of benthos (number m -2 ), zooplankton (number m -3 ) and phytoplankton (number m -3 ) of the Tianjin marine ecosystem is 43.6, 262.9 and 30550 for 2010 and 13.1, 114.1 and 472486 for 2011, respectively (Li, Zhang 2011 ). The Trend is calculated the same way as for the iconic species sub-goal. The variable of Pressures and Resilience is the same as that of the mariculture sub-goal. For the habitats sub-goal, six types of habitats are assessed. They are mangroves, coral reefs, seagrass beds, salt marshes, the sea ice edge, and subtidal softbottom habitats. The salt marshes and the subtidal soft-bottom were considered because there are no other types of habitats in the Tianjin marine ecosystem. The Trend was calculated as the average slope of area for each habitat type in 2003 
RESULTS AND DISCUSSION
The higher the score of the ocean health index, the better health of the marine ecosystem. The global ocean health index calculated by Halpern et al. (2012) is 60 (maximum 100). The ocean health index of the Tianjin marine ecosystem is 66 (Table 7) , which is slightly higher than the value of the global ocean health index. The result indicated that the overall health of the Tianjin marine ecosystem is barely good.
The results are presented in Table 7 and they indicate the following:
(1) High score of food provision shows that the amount of seafood sustainably harvested is large. (2) High score of artisanal fishing opportunities shows that the demand of the opportunity to conduct artisanal fishing is small and the opportunities provided by artisanal fishing meet the demand of this kind of fishing. This very high so the marine ecosystem can maintain the coastal and ocean-dependent livelihood and productive coastal economy while maximizing the life quality. (7) The score of tourism & recreation is low (only 53.5), which indicates that many people did not pay much attention to the marine ecosystem. (8) The score of sense of place is slightly high so the people living near and far from Tianjin derive the sense of identity or value from knowing particular places and species. (9) The score of clean waters is not high (60.4) so that the pollution is still heavy and further attention is needed. (10) The score of biodiversity is high so that the conservation status of species is good. According to the results of Halpern et al. (2012) , few known marine species are facing the extinction risk. 
Ocean health index of Tianjin 66
Note: i ,F x is set as 100 when its value more than 100 (Halpern et al. 2012) .
It is obvious that the food provision, artisanal fishing opportunities, coastal livelihoods & economies, sense of place and biodiversity show good performance and the artisanal fishing opportunity is the best. It was concluded that the marine ecosystem can provide well-being in the aspect of the above goals. However, the nature products, carbon storage, coastal protection, and tourism & recreation show bad performance and the nature product is the worst. The ability of the marine ecosystem to provide the well-being in terms of the above goals is small. The score of natural products is the lowest and is partly attributed to the small sustainable harvest of living marine resources. The annual yield of natural products in the Tianjin marine ecosystem in 2010 is the lowest during the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] (Fig. 3) . As a result, the sustainable harvest of natural products should be increased in the Tianjin marine ecosystem to improve the score of the natural products goal.
The results showed that the overall health of the Tianjin marine ecosystem is barely good and need to be further improved. As the scores of nature products, carbon storage, coastal protection and tourism & recreation are still low (all of them less than 60), the improvement of the overall health of the Tianjin marine ecosystem should be significantly emphasized in these fields. In addition, the score of clean waters is slightly higher than the global ocean health index (60), so the clean waters goal should also be emphasized. Halpern et al. (2012) concluded that pursuing the options where several goals slightly improve may provide better outcomes than significant improvement of a single goal, which could also lead to inefficient or even unwanted outcomes. Therefore, combined with the results of Table 7 , several public goals (including nature products, carbon storage, coastal protection, tourism & recreation and clean waters) should be simultaneously improved to increase the health of the Tianjin marine ecosystem.
The coastal habitat area involves the sub-goal of habitats and the goals of carbon storage and coastal protection. The increase in the coastal habitat area improves the scores of the above sub-goal/goals. At present, the human activities are the main factors responsible for changes in wetlands. The wetland degradation depends on changes in the relationship between man and nature (Xie et al. 2010) . The wetland ecological restoration project has been conducted in Qilihai Wetland located in the Ninghe County, Tianjin and the effect of implementation is remarkable (Guo et al. 2011 ). The natural wetlands will significantly decline in 2020 unless strict wetland protection policy and restoration technology are applied (Ma et al. 2012) . Consequently, in order to improve the scores of the carbon storage goal, the coastal protection goal and the habitats sub-goal, the coastal habitat area should be maintained or increased in the future. Additionally, the human activities balancing the relationship between man and nature should be initiated and prioritized by implementing the ecological restoration projects.
Although the evaluation results showed that the overall ocean health of Tianjin is barely good, the Resilience decrease and the Pressure increase will make the evaluation result over-optimistic if the current environment management and measures are not effectively implemented in the future.
CONCLUSIONS
The ocean health index was applied to assess the health of the Tianjin marine ecosystem. The results showed that the ocean health index of the Tianjin marine ecosystem is 66, which is slightly higher than 60, i.e. the value of the global ocean health index. This indicated that the overall health of the Tianjin marine ecosystem is barely good.
Of the ten public goals of the ocean health index, the artisanal fishing opportunities have the best performance and the nature products − the worst performance. The food provision, artisanal fishing opportunities, coastal livelihoods & economies, sense of place and biodiversity show good performance; the clean waters is mediocre and the nature products, carbon storage, coastal protection, and tourism & recreation show bad performance. The measures of the technique and management based on the performance of ten public goals must be included to maintain or improve the marine ecosystem health of the Tianjin offshore.
As evidenced by the results of the present approach, the future work should focus on: -simultaneous improvement of nature products, carbon storage, coastal protection, tourism & recreation and clean waters; -attention to human activities, such as implementation of ecological restoration projects; -effective implementation of the existing environmental management and measures.
